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Fig. 2.-The centrifuge with guard removed, and spray collector. 
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Fig. 8.- Vel'Hcu! Section of Shaft and SLde View of Head of Centrifll;ge. 
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A NEW CENTRIFUGAL SOIL ELUTRIATOR.1 
P. A. YODER. 
INTRODUCTION. 
AND THE GENERAL PLAN OF THE NEW APPARATUS. 
Within recent years much has been done toward determining 
the agricultural significance of certain physical properties of the 
soil. The grade of fineness is the most important of these physi-
cal properties, in that it determines, to a l~rge extent, other prop-
erties. The · mechanical analysis of soils has thus come to be 
considered of primary importance in soil ,investigations. Any 
improvements in the methods or apparatus for mechanical analy-
sis will, therefore, doubtless be welcomed by agricultural investi-
gators. Though this is a very recent line of work, still many 
devices have been introduced for the separation of soil on the 
basis of fineness into different grades.2 The sieving can be car-
ried out practically only for the coarser grades of sand and gravel. 
The original beaker methods in several modifications, all depend-
ing upon unequally rapid settling through quiet water, and sub-
1. A briefer report on this apparatus was made to the Interna-
tional Congress of Applied Chemistry which convened at Berlin, June, 
1903, and it will be printed in the Proceedings of that Congress. The. 
report herewith presented gives fuller details in regard to the plantS 
of the apparatus and the data and results of the experiments. It con-
tains in addition the report OIl a number of more recent experiments, 
some improvements in the plans of the apparatus and the methods of 
using it, and the development of mathematical formulas for finding any 
one of the three magnitudes, division size of particles, strength of cur-
rent and speed of rotation, when the other two are known . . 
2. See Wiley's "Principles and Practice of Agricultural Analy-
sis," Vol. 1, pp. 171-253, for a full discussion of methods for the me-
chanical analysis of soils. 
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sequent decantation, were improved on by Noebel,3 Schoene4 and 
others by introducing a rising current of water. Hilgard5 has im-
proved this method further by introducing at the bottom of the 
elutriation tube, a churn to break up floccules. Both the beaker 
method and these elutriation methods are open to the objection 
that for the finer separations they are very time-consuming, and 
that for the finest separations which are desirable, they are en-
tirely impracticable. These very finest grades, however, differ 
most remarkable from the coarser grades, and their separation 
and quantitative determination is, therefore, the most desirable 
part of the mechanical analysis. 
Hopkins6 introduced a method by which these objections are 
largely overcome, in that he combined centrifugal force in place 
of gravity with the beaker method, and therefore reduces at 
pleasure the time to effect the settling of any particular grade of 
grains . This method still has other objections which the original 
beaker methods had, viz.: 
I. That for good separations the sediment has to be shaken 
up with new portions of clear water and allowed to settle repeated~ 
ly for each grade, thus 
2. Introducing large volumes of water which may introduce 
errors by exerting solvent action, and which makes more difficult 
and inaccurate the determination of the fine clay which finally re-
mains suspended in the large volume. 
3. Each sedimeptation gives favorable opportunity for floc-
culation which must be overcome by tedious pestelling or shaking, 
The writer has devised a machine by which fie has largely 
overcome each of these three objections, and is enabled to make a 
good separation in a comparatively short time, using a relatively 
small volume of water, and securing at once each grade of parti-
cles except the fine clay, in a minimum of water, ready for drying 
~nd weighing. This machine combines the advantages of the cur-
3. Ibid., p. 207, Zeitschrift fur analtyische Chemie, Band 3, Ss. 
89, et seq. 
4. Ibid., p. 212. Bulletin de la Societe des Naturalistes de Mos· 
cou, Tome 40, pp. 324, et seq. 
5. Ibid., p. 222, Bulletin No. 38, pp. 60 et seq., Division of Chem-
istry, U. S. Department of Agriculture. 
6. Bulletin No. 56, Division of Chemistry, U. S. Department of 
Agriculture, page 64. 
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rent elutriation method, with the centrifugal method, in that a 
special form of current elutriator is placed in suitable sockets into 
a centrifugal machine, and carefully balanced by means of an 
adjustable counterpoise.? The muddy water resulting from the 
shaking up of a weighed sample of soil is run in a uniform stream 
through the machine, and by regulating the speed of this stream 
or the rotary speed of the machine, we can control the grade of 
particles to be settled. This method is thus related to the beaker 
method very much as the modern method of cream separation by 
centrifugal separators is related to the old process with pans or 
jars. The centrifuge and the motor with all attachments complete 
nearly as now used by the writer, is shown in Fig. I. Fig. 2 repre-
sents the machine and the muddy water funnels, with guard and 
spray collectors removed. Fig. 3 represents the machine with 
guard (d) and spray collector (e) partI y separated. 
There is an arrangement of cone pulleys to secure four dif-
ferent speeds from the same motor, a small induction motor being 
used with the alternating ' electric light current. 
7. In the development of an idea embodied in this , machine, a 
coincidence occurred which should be noted here. The idea of an 
elutriation tube in a socket in a centrifuge, with a central inflow re-
ceiving water at the axis of the centrifuge, and with a latteral overflow 
occurred to Professor Widtsoe and the writer independently during 
th same evening, as was revealed by an incident the next morning. 
Professor Widtsoe put his idea into execution by means of a cylindrical 
test-tube in a Babcock milk tester. When the writer came in and saw 
this, he at once prodJ,lced a drawing which he had made during the 
previous evening, of the elutriation bottle, with shape and dimensions 
and inflow and outflow practically as now used. The idea itself of 
combining the advantages of current elutriation with centrifugal force, 
and the detaiis of machine and method as herein described, are original 
with the writer, except that the tapering shaft and the lubricating ar-
rangement were adopted at the suggestion of the mechanic, Mr. Jacob 
Schaub. 
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DESCRIPTION OF THE NEW APPARATUS IN DETAIL. 
THE ELUTRIATION BOTTLE. 
The elutriation bottle (aa Figs. 4 and 5) receive the water 
along the central axis (xx) of the machine and conducts it later-
ally to the bottom of the elutriator tube by means of a small tube 
(bb) placed centrally in the elutriator bottle. The overflow es-
capes through a larger tube, (c) concentric with this smaller tube, 
through the .neck of the elutriator tube, and is carried by a side 
tube to a spray collector (e f g) above. The spray collector has its 
tipper part (e) placed at such an angle that the spray is !lot re-
flected back out but is smoothly reflected towards the apex (g) 
between upper and lower wall. From this circular spray collector 
a delivery tube (h Figs. 3 and 4) on one side drains the liquid 
to a beaker set off to one side. In a gravity elutriator of the 
Schoene or Hilgard type, a portion of the tube is of uniform cross 
section, so that through a distance of 10 or more centimeters the 
current is uniformly rapid. Throughout this portion of the tube 
the effective separation at the particular size of particles is ac-
complished. Evidently if this same end is sought when the force 
ca.using the particles to settle is not uniform, the speed of the cur-
rent also should vary as the force varies. 
ssuming that the speed of settling for any particle is direct-
ly proportional to the force acting upon it, and taking into con-
sideration the fact that centrifugal force varies as the radius, it 
follmvs that the current hould be slower and the cross-section of 
the elutriation tube correspondingly larger, as the axis of the ma-
chine is approached. Results obtained by this machine show that 
this assumption is approximately correct. (See p. 37.) 
If D= internal diameter of elutri ation tube, and J = Lhe dia-
meter of the inflow tube within the elutriator, r= distance from 
axis of machine and K = some constant then the era s section varies 
as ( D 2-d 2) and ( D 2-d2) varies iuverselv as r or d=~Ki + d 2 
and K = r (D 2_d 2) . ThiE> relation gives us means af calc'ulating 
the theoreti<.;alJy perfect. shape in respect. to the diameter of a tube 
of any desired dimensions, and for a machine of any dimensions. 
We find that the outline of the tube is a parabolic curve, the dia-
meter increasing at a more rapid rate as the axis of the machine 
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approached. The drawing (Fig. 4) IS made from 
caluculated dimensions and for tests herein described 
the writer made a tube that did not vary in inside diameters at the 
in licated points, over 0.3 mm ; from the calculated diameters, 
namely 26.74, 28.37, 30.63 and 33.5 mm. at 16, 14, 12 and 10 cm. 
respectively from the axi.s xx, with the inflow tube (b) 6 mm. 
out ide diam ter. The bulb at the. bottom of the bottle has an out-
side diameter of 28 mm. to fit the felt lined metal socket. 
The socket holding this bottle, and likewise the counterpoise, 
are so hung to the head of the centrifuge that they can swing, the 
outer extremity rising or faIlin g, and thereby take a position in 
the resultant line of force, whatever the speed of the machine 
u ed . (See F icrs. 2 , 3 and 8) . This line of ' force "resulting from " 
the centrifugal force and g ravity combined, is, for the speeds 
used, 0 nearly in a horizontal plane that it can be considered a 
traight line, and the ax is of the tube is made a straight line. 
For convenience in cleaning, the bottle should be made of 
gla , and that it ma) be strong enough to withstand the pressure 
when · the machine is run at a speed of about 2000 revolutions it 
must be about 3 mm. thick at the bottom, and about 2 mm. at the 
top. 
T he bottle above referred to, which the writer made is about 
3.6 m111. thick at the bottom and about 2 mm. at the widest part. It 
has been in steady use for several months, running much of the 
time at a peed of 1888 revolutions per min. The latest design for 
this bottle requires it to be 4 to 5 mm. thick at the bottom and 
about 2.5 at the top. \ i\1 ith this bottle it is intended to use speeds 
up to 2700 revolutions per min. 
everal tubes with a thickness of walls at the bottom of [.S 
to 2.3 mm. with tood the pressure at 1132 revolutions but bur ted 
at 1858 revolutions per min. Other tubes of less than 1.4 mm. 
thickne at the bottom bursted at a speed of II32 revolutions.8 
8. Orders were placed with three different firms to make 
this glass apparatus . In two cases they failed completely in getting 
th e bottles a s s trong at th e bottom as directed, and the approximation 
to the specified inside diameters also was not very close. A third firm 
in mak ing six bottles, got part of them n early as thick as ordered, and 
got the inside diameter s from within 0 to 2 mm. of the size specified, 
averaging about 1 mm. t oo small. These, however, were also found 
too weak, and a n ew order has been placed with the firm of Dr. Peters 
and Rost of Berlin, to make them according to the latest design. 
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Fig. 4 represents the latest design for this elutriation bottle 
and it differs from the original design and from the apparatus 
used in all the tests therein described in that the bottle is to be 
made stronger and that no rubber connections are used. The ap-
paratus used in the work thus far is represented in Fig. 5, and is 
in three parts, the elutriation bottle a, the inflow tube b, and the 
overflow tube c. The joint between band c is made by a rubber 
tube around b. Tube c passes through the rubber stopper as far as 
the side tube allows, and the stopper has a shoulder which prevents 
it from going into the neck too deep. This arrangement has 
the fault that a central position of tube b in the bottle, and a uni-
form length from axis xx and from the overflow tube c to the 
bottom of the bottle are not always assured. 
The mouth of the overflow tube c is tipped with rubber 
tubing to make it throw a smooth stream instead of a scattering 
spray. A filament of this rubber projects so as to serve as a drip-
ping cord to make the overflow continue to drip into the spray 
collecto~ if by accident the machine should stop with the stream 
still running. 
By some preliminary tests, it was found impracticable to have 
the inHowing current keep the sediment stirred up, for the sedi-
ment packs in so as to stop the flow. The inflow tube is therefore 
left to end about a centeimeter from the bottom of the elutriaton 
bottle, which latter is somewhat constricted near this part so as 
to leave but little space for muddy VI. ater to collect without being 
caught in the full strength current. 9 
/ 
THE M UDDY W ATER FUNNELS A D AIR CH AMBER. 
The problem of how to secure a uniform flow of muddy 
water into the machine is solved by putting the muddy water 
into a closed funnel-shaped vessel (i Figs. 1 , 2 and 6) from which 
it flow~ out below, just as fast as air is admitted . . This air comes 
from a larger closed bottle (k Figs. I and 9) serving as an air 
chamber m, into which water flows from Miuiotte ( reservoir) 
bottle placed above through a valve (1) that can be regulated. 
9. The writer recognizes an imperfection in this arrangement, in 
that the sediment packs in and is not continually being rinsed by the 
infiowing water, but thus far no practical method of keeping this sedi-
ment stirred up has suggested itself. 
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The tube m, Fig. I, which conducts the air from this air 
'Chamber to the muddy water funnel rises to such a height above 
the lVlariottc bottle that there is no possibility of the water siphon-
ing from the lVlariotte reservoir bottle through k and i into the 
elutriator. -
That tbe flow of muddy water may not be interrupted when 
the vessel of n-: uddy water flow s empty, a duplicate of this vessel 
is placed by its side and so connected with branching air pas-
sage above and water outflow below, that one vessel can be shut 
off an ::l the oth u turned on at the same moment. The air chamber 
likewi e has its duplicate so that while one is being emptied of 
water , the other may be in service. That the pressure driving the 
water throll g-h the valve may always be constant, · the reservoir 
bottle is cl03ed so that air can get in only through a tube ending 
near its bottom ; likewise, from the air chamber the air is admitted 
·into the muddy water vessel near the bottom of the latter. 
W hen the machine is in operation, and the outflow and valve 
r of the muddy water funnel are open, the air pressure in the muu-
d y water funnel and in the air chamber is reduced hv an amour.t 
equivalent to the height of water from the air inlet to the water 
o utlet of the funnel. Evidently if this same reduction of pressure 
is not made after each time of filling the' funnel, or of emptying 
the ~J ir chamber , or at any other time before starting elutriation, 
there will be an error introduced because the current will be more 
rapid until equilibrum is reestablished. To overcome this error, 
when emptying by means of a siphon the air chamber bottle, the 
bottle is closed before all the water is run out, and then by adjust-
ing the mouth of the siphon outside, just the distance below the 
water surface inside equal to the height from air inlet to water 
outlet in the funnel, the pressure will be properly reduced by the 
time the siphon ceases to run. A mark on the rubber siphon that 
far from its mouth enables the operator to make this adjustment 
quickl) . To reduce the press.ure in the muddy water funnei equally 
as much , the operator sucks out air by means of a tube through 
the stopper, until the air is just ready to bubble in from the air . 
chamber. The pressure in the Mariotte bottle is al 0 properly re-
duced when starting, by sucking out some air. 
If the muddy water contains much coarse sediment, this 
often ettles into the neck of the funnel while filling or before the 
stream from that funnel is tarted. As a result, when the outflow 
below is opened, the sediment either is packed into the neck so as 
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to prevent a teady flow, or el e the accumulation of sediment 
goes through in a lump without thorou h elutriation. To .over-
come this difficulty, a rubber plug is placed into the neck below 
the opening of the air inlet tube, and a rod attached to the plug 
and passing through a stopper to the outside affords a means 'of 
manipulating the plug when the vessel is closed. That the current 
of water may pass out uninterrupted while this plu . (m Fig. 7) 
is still in place to hold back the sediment, the lower part '0£ the' 
bar serving a a handle is made into a tube (n, Fig. 7) which 
pa ses through the ' plug. About an inch above this plug the tube' 
has a side openiDo- (0, Fig. 7').10 . 
THE REGULATI JG VAL\ E 
The valve, (Figs. I and 8) to regulate the flow of water, .. 
IS made of an ordinary Geis ler's g lass stop-cock. taper:ng 
notch is filed on opposite ides of the stopper of the stop-cock. 
next to the bore, 0 that the stream can be turned on nl(lfC' o-rac.u-
ally. A lever about 25 cm. long is fitted to the thumb piece of the 
stop-cock, and this with a vernier at its extremity, slidino- on a 
scale graduated into half degrees, admits of adjusting the opening 
to tenths of deo-rees. The valve was calibrated with water flowing-
with the sa111e effective head, and from a curve plotted from thes~ 
data, the valve can ubsequently be set for any current de ired. 
10. These funnels, it may be seen from Figs. 1 and 2, were impro--
vised out of glass receivers with two tubulatures. It is proposed by 
the writer to have made special muddy water funnels (Figs. 6 and 7) 
differing somewhat from these. The adjacent sides of the two funne]~ 
are flattened to allow their being brought closer together and more 
nearly in a vertical position. The stems for the outflow can then be 
much shorter. The air inlet tube, instead of passing through a stop-
per, will be sealed onto the stem below. The stopcocks r, r (Figs. 6 
and 7), are a little higher above the air' inlet than the mouth of the 
water outlet is below the air inlet. This height is necessary to prevent 
the water of one funnel from being siphoned over into the other, when 
by some mismanagement one funnel is uncorked while the water in the 
other is running out, and the stopcocks r r are both open. The rod 
(p, Fig: 7) will then be made straight and pass through a small stop-
per above. For refilling, a second tubulature with considerable of 
a funnel-shaped flange is placed on the funnel above. The slopes of the 
sides of these funnels are not less than 60 degrees. 
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THE CE TRIFUGE. 
The centrifuge · itself is made sufficiently heavy and strong 
that the accidental explosion of a bottle when running at a high 
speed, cannot ruin the machine. The base is made of cast iron and 
weighs 48 pounds. The shaft is niade of tool steel, and is % inch 
in diameter at the head. The bearings are made of bronze. Fig. 
8 shows the arrangement of the tapering shaft and upper bearings 
and of lock nut at upper and lower bearings which admits ad-
justment to take up wear. An adjustabl~ nut on the s~aft forms a 
shoulder against the bottom of the upper bearit:g. The lubricant 
used is of the consistency of vaseline and is fed in from cups 
suitably located. As the bearings are to be turned in adjusting 
them, a groove is turned into the outside of the bearings for the 
pa sage of the lubricant and from this several oil holes conduct the 
lubricant in to the shaft. The head (H) of the centrifuge is made 
·of brass. The pins ss are -t"6 inch in diameter. The socket and 
coui1terpoise are hung on these and can drop down at their ex-
tremities through an angle of . about 15 degrees from the hori-
zontal. The shoulders tt prevent them from dropping farther. The 
play thus allowed them has the double purpose of allowing them 
to take the direction of' the liI).e of force of any speed, and to 
bring, when the machine stops, the mouth of the overflow tube c, 
Fi<Y. 5, over the spray collector, and below the level 01 the top of 
~he inflow tube b. Thus there is no chance of losing the sample 
by the machin topping while the operator is away. The two 
side bars v, Fig 8, are 1'" by ~ inche. To prevent the head of 
the inflow tube from tipping over while the machine is running} 
a bracket w, Fig 8, is brought on so that when the socket is hung 
in place on the pins. s, the bracket is also held firmly, but when the 
socket is r moved from the pins, the bracket can be turned back 
out of the way. A guard of heavy tin plate surrounds the rotating 
part, and its cover supports the spray collector. (Figs. I and 3). 
The machine and motor used by the writer give speeds of 
40 4, 70 8, 1143, and 1888 revolutions per minute, which at a dis-
tance of 14 cm. from th axis gives centrifugal forces 25.62, 78.45, 
206.2 and 558.8 times the force of gravity respectively. 
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ADOPTlO l OF GRADES OF SOIL P ARTICLE. 
In actual practice, the grades of uniform range introduced by 
Professor Hopkins (Bulletin No. 5.6, Division of Chemistry, U. S. 
Department of Agriculture, page 64) were adopted, viz., 
Medium sand ................ 0.1 to 0.32 mm 
Fine sand .................. 0.032 to O. I mm 
Coarse silt .................. 0.01 to 0.032 mm 
Medium silt .............. : .0.0032 to 0.01 mm 
Fine silt .................... 0.001 to 0.0032 mm 
Clay ....................... below 0.00 I mm 
The speeds of the machine and of water flow necessary for 
each separation were determined by trial making measurements 
with the microscope, as described below. 
THE GRAVITY ELUTRIATORS. 
The separation of medium and fine sand (at o. I mm. and at 
0.032 mm. resp.) could be made so quickly by means of gravity 
elutriators that the machine was used only for the last three 
separations. These gravity elutriators of the Schoene type were 
improvised out of ordinary glass tubing, suitably drawn out coni-
cal below. Two tubes were selected of such relative sizes that the 
same stream of water would make a separation at o. I mm. in one 
tube and at 0.032 mm. in the other simultaneously. 'The stream 
flows from the same Mariotte bottle reservoir through another 
valve with index which permits of its accurate adjustment. 
Schoene's formula representing the relation between division 
size of particles and velocity of the rising current of water11 is d = 
v 7rXO 0314 in which v= velocitv of upward movement of water, 
and X d = :nze whicn rp:mainEl ~usrp,ndf'd,npither riEling with the 
current nor sinking againt it. (For brevity this will be called the 
"division size"). pon the basis of this formula two tubes were 
11. Wiley'.s Principles and Practice of Agricultural Analysis, Vol. 
1, p. 213. 
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selected of sizes 2.93 cm. and 1.19 cm. in diameter. A current of 
41.21 cc per min. was run through both, the overflow of the 
smaller going into the larger, until only clear water flowed from 
each. Then a current increased · to 43.27 cc. per min. was run 
through each separately and the soil that washed over was col-
lected and measured as described below. The average sizes thus 
found corresponding to the current 41.21 + 4 3 . 2 7CC., or 42.49 CC. 
2 
per ' min. were found in several tests to be, for the small tube, 
0.109,0.110, and 0.li2mm.,or an average of 0.1I0 mm.,and for the 
large tube, 0.0415,0.0376, 0.0408, or an average of 0.400 mm. These 
sizes were in the ratio of I :0.364 instead of I :316 as wanted. A 
new tube was selected for the larger elutriator, having a diameter 
of 3.26 cm. With this pair of tubes, in the same manner as above, 
it was found that a current of 41.21 to 43.27 cc gave sizes of 0.109, 
and 0.109 mm., in the smaller tube, and of 0.0302 and 0.0357 mm., 
or an average of 0.033 mm. in the larger. This is almost exactly 
the ratio wanted, and the current needed for the separations at 
0. I ' and at 0.°316 mm. simultaneously, is calculated from these re-
sults to be 37.09 cc. per min. 
DETERMINATION OF THE RELATION BETWEEN DIVISION SIZES 
OF SOIL GRAINS AND CURRENT OF SPEED IN 
CENTRIFUGAL ELUTRIATOR. 
As stated above, it was determined by actual trial what speeds 
of the centrifuge and what currents of water would give the sepa-
rations at the sizes desired. This required a considerable time and 
careful work. Evidently if others should want to adopt this method 
of soil eltriation, using motors or pulleys giving different speeds, 
or should wish \ to make separations at different sizes, it would 
be found very advantageous if some curves or formulas were pro-
vided by which the necessary current with some available speed 
for the desired division size could be ascertained at once, and 
without a tedious redetermination by actual trial. 
The principal factors entering in to determine the division 
sizes are: ( I) the force acting (i. e., the speed of the centri-
fuge) , (2) the strength of the current, (3) the cross section of 
the elutriation bottle (in relation to radius vetor of rotation), 
(4) the specific gravity of the solid grains, and (5) the specific 
gravity and nature of the liquid used. It is assumed that in du-
plicating machines of this kind, the factor (3) can be made so 
nearly like in the apparatus used in these determinations that a 
slight ~l1owance, calculated from the relation that the velocity of 
the cnrrent varies inversely as the cross section, will sufficiently 
correct difference from that source. Factor (4) varies for dif-
ferent soils, and also for different constituents of the same soil. 
In the opinion of the writer no method of soil elutriation yet pro-
posed, hardly even the settling methods accompanied by micro-
scopic measurements, takes into account, quantitatively the vari-
ation in this factor, nor would there be much gained even if we 
could make absolute corrections for these differences. By col-
lecting our data from several different types of soil and averaging 
the results, we take this factor sufficiently into account for prac-
tical purposes. Factor (5) is made sufficiently constant by always 
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using the same liquid" water. 
It remains, in order to make this method of soil elutriation 
:gerierally available, to establish the relation between factors (I) 
'and (2), (speed of machine and strength of current), and the 
,division size of the soil grains. To this task the writer set 
'himself during a considerable portion of the past two summers, 
and from d'ata collected by an elaborate series of experiments, 
-has first plotted curves, and finally determined a formula by 
means of which anyone of the three factors, division size, speed 
-of machine, and strength of current may be determined when 
the other two are given. If it is determined what divisions are 
wanted, and how rapidly it is desired to run the muddy water 
through we can quickly calculate what speed of the machine we 
need to secure, or if we have determined the speed of machine 
that a particular motor and set of pulleys gives, we can readily 
calculate what current we need to use in order to effect a separa-
tion at any desired size (of course, within the limits in speed and 
current of these experiments). In what follows are given the 
method of collecting these data, a summary of results, and a few 
,samples of actual' measurements. 'Four different samples of soil 
were used and about 120 actual determinations of division sizes 
were made, involving the micrometric measurement of upwards 
,of 7,000 soil granules. Most of these results are used in deter-
mining the averages mentioned, and are therefore involved in the 
-final formulas. 
MICROMETIC MEASURMENTS OF SOIL GRANULES. 
In using the microscope with a micrometer scale in the eye-
l)iece, the question arose, since the soil grains were far from per-
fect spheres, what dimension to take as the diameter of the 
particular particle. Some inquiry among experimenters who have 
hitherto published results on the measurments of soil grains, 
revealed no uniformity in this respect, and generally no method 
that could yield uniform results in the hands of different oper-
ators. The methods generally involved the personal factor of 
estimating what is a mean diameter of an irregularly shaped 
grain, or what grains among many, represent the mean or the 
maximum or m1111mum size. To avoid as much as possible these 
personal errors, the writer finally adopted the following method 
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of d~termining the mean size of the particles in a particular sedi-
ment. Three different drops of liquid with sediment in sus-
pension were successively brought upon the stage of the micro-
scope, the grains sufficiently scattered so that individual grains 
could be observed. The stage was now moved under the ob-
jective and each particle, without selection or discrimination, was 
observed as it entered the field covered by the scale The total 
number of units of the scale covered by the particle as it happened 
to lie was noted. Thus, e. g., some oblong particles may have 
been recorded three units, whereas, had the same particle hap-
pened to lie in another position, it would have been recorded thir- I 
teen units. For each drop, the diameters of 20 particles were 
thus determined and recorded, and the average of 60 such meas-
urements was taken as the mean size. Of course, the diameters 
thus determined are larger than those of spherical particles of 
equal hydraul~c value, and as applied in separations with gravity 
elutriators they differ by about one-fifth or one- fourth from hy-
draulic values given by Schoene,12 yet for want of a better system 
to get concordant results, the writer determined to use this system 
in his measurements. It was at one time contemplated to decrease 
the determined diameter by one-fifth for the "nominal diameters," 
so as to make the results comparable with those of Schoene and 
others, but this plan was afterwards discarded as introducing an 
unnecessary complication without in the end securing results ab-
solutely comparable with those by other investigators. 
That this method of measuring gives concordant results 
with the same sediment is evident by the several tests made on 
this point. Below are copied from the laboratory note book the 
actual data on two such tests, and these samples of data taken 
each in itself are also fairly representative of the 120 similar sets of 
data referred to above, and may be taken as indicative of the 
usual uniformity or variation in the size of the individual grains 
as separated and measured. As a rule the coarser separations 
showed greater uniformity in size, and the finer separations the 
greater variation. 
12. Wiley's PrinCiples and Practice of Agricultural Analysis, Vol. 
1, p. 217. 
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SAMPLES OF DATA IN MEASUREMENT OF SOIL GRAINS. 
(24) Soil Sample 19,670, Speed 708 rev., Current 58.6-62.0 CC. 
Eyepiece No. "3, objective T\- oil immersion, tube length (of 
micr.) 200mm. 
1st drop 
... . ' 1 3.5 3.0 4.6 3.6 4.8 6.0 4.0 5.0 4.0 4.0 
4.0 1.0 5.0 3.5 4.0 2.3 2.0 4.5 5.0 2.6 
2nd drop 
... · 1 5.0 5.0 5.0 3.6 4.0 5.5 4.5 4.0 1.0 4.8 
,- 3.0 4.0 4.0 2.0 3.0 2.0 2.5 3.0 4.0 4.5 
3rd drop ..... \ 3.0 4.3 4.5 2.3 6.0 1.6 6.0 1.8 2.0 3.0 
\ 3.0 2.5 4.0 4.0 3.0 2.5 3.5 5.0 4.0 3.0 
Average 3.755. Magnification factor equals 0.000948. Size equals 
0.003559 mm. 
(27) Same as (24) , remeasured 36 hou rs later. 
1st drop . . . . . \ 3.3 3.5 2.6 4.0 3.5 3.3 5.3 3.0 5.0 3.0 
1 8.0 2.0 1.8 3.0 2.8 3.0 4.5 3.0 1.3 3.8 
2nd drop .... \ 5.5 4.0 4.3 6.0 1.0 2.5 3.4 4.5 4.0 4.5 
\ 
3.4 4.3 4.0 4.0 3.5 2.3 5.0 9.0 1.6 5.6 
3rd drop .... . \ 3.0 4.3 4.5 2.3 6.0 1.6 5.0 1.2 2.0 3.0 
1 3.4 3.3 4.5 6.0 2.7 5.0 2.5 2.0 4.5 3.0 
I 
Average 3.708. Magnification fa ctor equals 0.000948. Size equals 
0.003515 mm. 
(23) Soil Sample 19670, Speed 1,148 rev., Current 114.6-119.7 CC. 
Eyepiece No. 3, objective 1\ oil immersion, t ube length (of 
m icr .) 200mm. 
1st drop 
.. . . ·1 2.0 5.5 2.7 3.0 3.5 2.6 2.4 - 1.3 3.0 3.0 
1 3.0 3.0 3.0 1.4 2.7 5.0 2.3 2.3 3.0 2.0 
2nd drop 
... · 1 3.0 10.0 3.4 2.0 4.0 1.5 2.5 2.0 2.0 3.0 
i 3.5 3.0 2.6 2.7 3.3 3.8 2.0 2.0 1.4 5.5 
3rd drop 
.. .. · 1 3.5 4.5 3.0 4.0 4.0 3.4 3.0 3.3 2.5 1.2 
\ 
2.0 2.0 2.3 1.6 4.6 2.0 3.5 3.0 3.2 2.8 
Average 2.988. Magnification factor equals 0.000948. Size equals 
0.002 32 mill. 
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(26) Same as (23), reme~su red 36 hours late r. 
1st drop 
.... · 1 3.7 3.0 1.7 2.3 2.5 3.0 2.0 1.6 1.5 4.0 
I 2.5 4.5 2.0 4.5 3.0 4.5 3.0 2.5 4.5 2.0 
2nd drop 
.... I 5.0 2.0 1.5 2.0 3.0 2.0 6·0 3.0 2.0 3.3 
I 2.0 5.5 5.0 3.5 1.0 2.6 4.0 3.2 2.0 2.5 
3rd drop 
.... · 1 4.3 3.0 5.8 4.5 3.0 3.0 2.0 3.5 3.2 3.0 
1 2.0 3.6 1.5 4.0 3.3 3.5 2.0 3.2 3.0 4.0 
Average 3.155. Magnification factor equals 0.000948. Size equals 
0.002991 mm. 
PLAN OF OPERATION WITH THE MACHINE FOR COLLECTING RES 1-
DUES TO MEASURE. 
Some preliminary tests were made before finally deciding on 
the plan for separating a sediment which was to be measured to 
determine the division size for a particular speed of current. 
To determine the division size for any given speed of machine 
and of water flow say at 1,132 revolutions a min. and 120 cc. flow 
per min., the soil previously boiled from I to 3 hours, then thor-
oughly shaken up in water, was run through at a higher speed 
of machine repeatedly to separate the fine clay, so as to prevent 
i11uch flocculation. The residue thus cleansed of fine clay was 
then shaken up in 100 to 200 cc. of water and run through at the 
speed of machine and water flow in question, the muddy water 
therefrom bing run through about four times, or until no more 
would settl , and then set aside for use as described below. The 
residue was a~so shaken up with wateT and re-elutriated about four 
times until practically no more was ", ashed over. \i\ hen thus 
rinsed off it was next shaken up with water and run 
through with the machIne at the same speed, but with 
the speed of water current one-twentietll greater, at 126 cc. per 
min. What was now washed over was collected b) again running 
it through at I20 cc. per min. The particles thus collected were 
measured as ' the smallest which did not wash over at 126 cc." The 
mud ly water from which no more would settle at 120 cc. flow wa 
now rpl1 through with the ftO\~r decreased one-twentieth , i. e., at 114 
cc. per l1 ~ il1. VI h at was now collected .a e.dilJle.nt was run thrOlwh 
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once more at II4 cc. and the sediment measured as the largest 
which did not settle at 120 cc. 
lt was presumed that the average of these two would give 
the correct size. After thus collecting data on the division sizes 
for each of the four speeds of the machine, using same current, 
120 cc. per min., and again for each of the three currents, 120, 
90 and 60 cc. per min., with one speed of machine, repeating at a 
different speed of machine and making duplicate determinations 
in most cases, it was observed that there is a much closer agree-
ment in the duplicates in the "smallest which did not wash over" 
than in the "largest which did not settle." Curves were plotted, 
first for constant currents with the reciprocals of centrif~gal force 
and the division sizes as variables, and second, for constant cen-
trifugal force (speed of machine) with speed of current and di-
vision sizes as variables. From these curves it again became ap-
parent that there is a greater regularity in the smallest which did 
not wash over than either in the "largest that did not settle" or . 
in the averages of the pairs of the two. From t~ese results, it is 
conc1 uded that a better plan to determine division sizes for any 
given speed of current is as follows: Make a thorough separa-
tion at a speed of current one-fortieth less than the current in 
question, by shaking up the sediment repeatedly with clear water 
and running through at that speed. N ow shake up with water 
and run through at a speed of current one-fortieth higher. What 
washes over this last time collect by running through with a cur-
rent one-fortieth less. Consider the average size of the particles 
now in the sediment as the division size for the speed in question. 
Below in table I are tabulated some results thus obtained in 
the above tests. The first 13 are the "smallest which did not wash 
over" at the lower limit of current as given in the fourth column. 
and the next 13 are the corresponding sizes of the "largest which 
washed over." 
In Figs. 10 to 13 will be seen these first 13 results plotted, as 
also those of a later and more elaborate series of tests. ( See 
Table II. ) 
TABLE I.-RESULTS FROM FIRST SERIES OF TESTS ON DEPENDENCE OF DIVISION SIZES ON SPEED OF 
CENTRIFUGE AND CURRENT. 
Smallest which did not wash over. 
'I I 'I Limits I II Proportional sizes. 
Speed of Reciprocal of current between Mean 
. No. I machine, rev. of I which particles between Average size I 1---
per min. speed. I were collected, cc. limits cc. in mm. Constant Constant Speed 
, 1 per min. per min. 1 current 1400 rev. 11132 rev. 
I I 
1 400 0.00250 120-126 123 0.0119 I 
0.01135. 1.0000 1.1523 ...... . 
2 400 0.00250 120-126 123 0.0108 
3 703 0.001422 120-126 123 0.00637 ........ 0.5615 ........... ... . . 
4 1132 0.000883 120-126 123 0.00387 \ 
5 1132 0.000883 120-126 123 0.00399 I 0.00393. 0.3462 ........ , 1.2397 
6 1858 0.000538 120-126 123 0.00216 ....... . 0.1903 ............... . 
7 400 0.00250 90- 94.5 92.75 0.00910 , 
8 400 0.00250 90- 94.5 92.75 0.01060 I 0.00985. Ii" . ...... . 1.0000 ..... . . 
9 400 0.00250 60- 63 61.50 0.00781 1 1/ 
1 
0.007592 ........ . 0.7708 ...... . 
10 400 0.00250 60- 63 61.50 0.007375 
11 1132 0.000883 90- 94.5 92.75 0.003211 
0.00317 j . .. ... . .. ......... 1.0000 
12 I 1132 0.000883 90- 94.5 92.75 0.00313 II 
60- ' 63 61.50 0.00226. 
13 1132 ( 0.000883 . .. . .... ......... ......... 0.7142 
~ 
00 
to 
d 
t'4 
t"4 
L;j 
8 
Z 
z 
9 
00 
~ 
TABLE J.-(Continued). 
I Speed of I 
No. , .machine, r ev. , I per min. I 
14 400 
15 400 
16 703 
17 1132 
18 1132 
19 1858 
20 400 
21 400 
22 400 
23 400 
24 1132 
25 1132 
26 1132 
R eciprocal 
of 
speed. 
0.00250 
0.00250 
0.001422 
0.000883 
0.000883 
0.000538 
0.00250 
0.00250 
0.00250 
0.00250 
0.000883 
0.000883 
0.000883 
Largest which wa_sh_e_d_o_v....,e_r_. ______ ----,.,--_________ _ _ 
I Limits 
I of current between 
I 
which particles 
were collected, cc. 
I 
per min. 
114-120 
114-120 
114-120 
l1.4-120 
114-120 
114-120 
85.5-90 
85.5-90 
57-60 
57-60 
85.5-90 
85.5-90 
57-60 
Mean 
between 
limits cc. 
'/ per min. 
117 
117 
11'/ 
117 
117 
117 
87.75 
87.75 
5~.5 
58.5 
Average s ize 
in mm. 
Proportional s izes. 
I 
I 
Constant Constant Speed 
II current 400 r ev. 11132 rev. 
1/ , 
0.0136 I 
0.0110 
0.00840 
0.00495 ....... . . 
' 0.00290 
0.002391 
0.00341 1 
0.00169 ...... . . . 
I 
0.0059 1 
0.00669 
0.00748 . 
0.0062 1 
0.00603 
0.00587 
0.9691 I 1.117 
0.4361 , ...... ;" . , ...... . 
0.2555 1 •• • •••••• 1 0.9140 
.... . .... , 0.6122 
87.75 0.00308 I 
87.75 ·0.00241 I 0.00279 " ........... . .... , 0.880 
58.5 0.00166 .... : .. " .................. 1· 0.5287 
> 
Z 
~ 
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Z 
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o 
!d 
~ 
CQ 
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TABLE II.-RESUL TS FROM SECOND SERIES OF TESTS ON DE 
d 
·s 
I-< 
'1-4 
<l) 0 d ~ 
rn '5 's ~ 
.S 0 I-< 
'"' 
<l) 
..., ~~ ;:::l 
'0 
'0 <l) ::: 
:> ~ <l) <l) 
'"' ~ 
I 
404 0.002475 
I 
JJ 
II 
J 
Current 
II cc. per min. Division sizes in mm. 
II 
II 
II 
Limits. 
114.6-119.7 
95.5-98.8 
-
78.4-81.1 
I Meanll 19670 
I II------=-I- n-
117.151
1 
0.010114 0.010607 
97.15 0.009485 0.010001 
79.75 0.008253 0.008186 
19515 1825 
I I 
I 
0.010794 0.010294 
0.010470 0.009407 
0.009332 0.009647 
2057 
0.013426 
0.013957 
0.011907 
58.6-62.0 60 .30 I 0.0073951 0.0080511 0.0079701 0.006980 0.008302 
I I I I 
70810.001412 
I 
1114.6-119.7 117.15 0.005543 0.004931 0.006417 0.006211 0.007909 
I 58.6-62.0 0.004718 
I 
60.30 *0.003537 0.003957 0.004645 0.003694 
I I 
I 
I 
114.6-119.7 117.15 *0.002999 *0.002911 0.003372 0.002889 0.004462 
95.5-98.8 97.15 0.003026 0.002932 0.003675 0.002773 0.003772 
1148 0.000871 
78.4-81.1 79.75 0.002464 0.002301 0.003436 0.002652 0.003106 
I 58.6-62.0 60.30 0.001955 \ 0.002229 \ 0.002766! 0.002054 \ 0.003372 
I 
,I 
114.6-119.7 117.15 0.001822 0.001945 0.002106 0.001787 0.002246 
1888 0.000530 
58.6-62.0 60.30 0.000825 0.000964 0.001357 0.001044 0.001159 
* Average of two measurements of the same sedimen t. 
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PENDENCE OF DIVISION SIZES ON- SPEED OF CENTRIFUGE ANDCURRENt. 
Division sizes in mm. II II 
II 
II II proport~~~~l Sizes. 
II 
Constant 1/ Constant 
current II speed 
j I I 2057 11 II 60.0011 404 19670 19515 I 1825 Aver- 117.15 1148 
I I I 
II age. cc. cc. II rev. rev. I II 
II II II I 
0.01159710.015185 
I 
1.0000\ Ik11211 0.012779 0.011093 0.011643 0.011763 
I 1.
0000
1 
0.010335 0.011201 0.010472 0.009380 .010969 0.010568 
1* .009042 0.009394 
1,00001 
0.
8889
1 
10.007740 I 0.7324 
I II I 
- I I 0.0062021 II 
1 
0.5277 
1 
0.0041101 0. 5310 11 I 
I I I I 0.0035321 II I 0.003965 0.004211 10_0036320.003351 0 .3005 II 11.0952 
0.003300 0.003692 0.002668 1 
I 
0.003188 0.0032251 I roooo 0.0030780.0023680.003003' 0.002801 0.86~5 
I 0.002493 0.00246111 
0.3180 10.7631 
I 
10.001981 o 1685i II 1 
I 0.001070 I I I t·138211 I I 
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Some time after this first series of tests was completed, a more 
extensive series of tests was made, so as to get more reliable results. 
In collecting these results, the latter plan, mentioned above, for de-
termining the division sizes was followed. Four different strengths 
of current and four different speeds were used. Four different 
samples, representing four common types of soil, were used. 
Samp.le No. 19,670 was the same as was used in the first series 
of tests. It was a composite sample of soil from the college farm, 
and was a medium loam having all grades in nearly equal abund-
ance. This soil lies in a thin layer over coarse limestone gravel. 
Sample No. 19515 was also a medium loam, taken from the 
Greenville Eperiment Farm near this place. There the loam is 
mmyfuctd~p. ' 
Sample No. 1825 represents a clay loam, and has 52.91 per 
'cent insoluble matter, 13.7 per cent lime, and 11.42 per cent soluble 
A1203. It was taken from Stirling, Sanpete County, Utah, and is 
more fully described in Bulletin No. 52, page 71, Utah Experiment 
Station. 
Sample No. 2057 is a sandy loam from near Lewiston, Cache 
County, Utah, and contains 90.55 per cent insoluble matter, 0.16 
per cent lime, and 2.33 per cent soluble A1203. It is more fully de-
scribed in Bulletin No. 52, page 58, Utah Experiment Station. 
The result of the second series of tests are represented in 
Table II. 
PLOTTING OF CURVES A D DERIVATION OF FORMULAS. 
With the average of the results thus obtained, constant cur-
Tent curves and constant speed curves were plotted. (See Figs. 10 
'and 12). In each case the ordinates represent division sizes. The 
-other variable in Fig. 10 is the reciprocal of the speed, and in Fig. 
12, the number of cc. per min. For the better comparison of the 
'curves in each of these plots, the results as expressed in average 
'actual sizes were converted into proportional sizes. Thus for the 
constant current curves, the sizes for the succeeding speeds were 
'expressed as factions of the size at the speed of 404 revolutions. ' 
Likewise, for the constant speed curves the sizes given by the sev-
'eral currents were expressed as fractions or multip1es of the size 
at 97.15 cc. per min., with the same speed. (See plots Figs. II 
and 13). With speed variable, the curves were first plott~d with 
the r~ciprocals of centrif~lgal force as abcissa. This gave curves 
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_ that very closely approximated as parabola, but the equation ex-:-
pressing it became quite complicated, as the simplest equation for 
the parabola found required the origin to be chosen different, and 
the axes to have different directions. The curves plotted with re-
ciprocals of the centrifugal force as abcissa and with actual sizes 
as ordinates from data·by the constant current 60.30 cc. and Il7.IS 
cc. showed that for the same division sizes of particles, the centri-
fugal force had to be approximately twice as great when the cur-
rent was 117.15 cc. as it was when the current was 60.30 cc. This 
shows that the speed of sinking varies approximately as the force 
acting, as was assumed in calculating the shape of the elutriation 
bottle. (p. 14). If,however,in plotting the constant current curves, 
instead of using the reciprocal of centrifugal force as abcissa, we 
take the reciprocal of the speed itself as abcissa, we get much 
simpler curves and they become practically straight lines, which 
coincide when proportional sizes are plotted with reciprocals of 
speeds. The equation for the line is 
(I) d'= 432X-o.07 
in which x= the reciprocal of the Hpeed(=~itn=numberof revo-
tions per ~in.) and d'=the proportional size. (i. e., the ratio of the 
size at speed n to the size at the speed 404, or if we let dn= size 
at speed n, and d· 404= size at a speed of 404, then 
(2) d n = ( 4J2-007 ) d404 
When we plot the curves (Fig. 13) for constant speeds, with 
the current variable, the errors of experimentation become much 
more apparent, and consequently conclusions based on these re-
sults are less reliable; nevertheless, by making a number of dupl-
cate determinations and averCl-ging the results, and by taking into 
account also the relations determined by others for gravity elutria-
tion, a curve and a formula may be determined that can meet the 
practical end of making this method of soil elutriation generally 
available. If we plot as in Fig. 13, the proportional sizes (i.e., the 
ratio of the size at any current to the size at a current of 97.15 
cc. per min.) as ordinates and the current as abcissa, we get rather 
irregular lines, which show a tendency to convexity. upward, and 
which seem to coincide within the rather large limit of experi-
mental error. For g ravity elutriation, Schoene determined em-
pirically that d, the division size, varies as V171,vibeingthe ve]ocity 
oftbecurrent. Hi formu la,as previously noted ( p.12) is d=v 1\ X 
0.0314. If we apply a similar formula, d'=-"~l\ + K,by a~sjgning a 
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suitable value to K, v. e find that it gives 11S a curve that very nicely 
follows the general trend of the curves plotted from experimental 
data. Since the cross-section of the elutriation tube is the same in 
all experiments, v may be expressed in cc. flowing through per 
min. To get the value of K which is most probably correct, we 
take into consideration all the data we have. Pursuant of this, the 
average of the proportional sizes from the 404 and 1148 speeds (see 
Table II) at a current of Il7.I5 ce. is taken as the value of d", and 
117.15 as the value of v. Solving the equation for K, we get its 
value as determined by these two sets of data. In a similar way 
we use the average of proportional sizes at 97.15 cc., 79.75 cc., and 
60.30 cc., and with each as a value of d" and with the correspond-
ing currents for v, we solve for K, we get as the four values of 
K, 0.05436, 0.05325, 0.05416, and 0.05505, or an average of 
0.05420 as the value of K to use, and our equation for proportional 
sizes, with the size at 97.1.5cc., as unity .becomeA (3 )d"= v rY X O.0542 
and to get the actual size of dv for any definite speed and current, 
we need but mlJltiply the proportional size for that current by the 
actual size at the same speed and a current of 97.i5, i.e., 13. 
(4) dv = -, 7r X 0 .0542 X d97 . 15 
Like equation (I) enables 11S to find the value of dn for other 
speeds when we know the size that anyone speed yields with the same 
current, so by equatiori . (3) we may find the valt~le of d
v 
for other 
currents, when we know the size that any· one current yields with 
the same speed. 
Evidently then, if we have once accurately determined the 
division size with any definite current .at any definite speed, we can 
13. Other equations can be found that fit these data somewhat 
more closely. If, instead of the assumption that the division size 
varies with v-fiJ we base out the calculation on the assumption that 
the division size varies as v-t and , as we did above, determine the 
constant of th~ equation, we get the equation el " = vt X 0.06373. 
Though this equation fits our data slightly better than the one used 
above, as will be 'seen in Fig. 13, yet the writer does not feel justified 
in introducing a new equation since the modified Schoene equation 
fits these data within the limits of experimental error, and certainly 
sufficiently close for practical purposes.' An equation of this form 
d = vi X K, can then be considered of very general application, 
K only being changed when the force applied (gravity or centrifugal 
force) is changed. 
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use this size of reference and calculate the division size for any 
other current or peed by successively applying formulas (r) 
and (3) . To furnish uch size of reference, the writer has used 
the above equations and calculated division size for a current of 
roo cc. per min., and a speed of 1000 revolutions per min., from 
each of the averages of division sizes in Table II. For this calcu-
lation, 
Let d = di vi:5ion size as given in Table II. 
Let d" = di vision size for same spef}d,at a current of 100 cc. 
Let, do = division size fur speed of 1000 rev. at a current of 
100 cc. 
Let v = corresponding; current in Table II. 
Let n = IlLllnber of rev0111tions in Table II 
Then to find the division size for the same speed at roo cc., 
by equation .(3) we have 
d" 
or (5) d" = d X 100-il 
7 
v Tr 
7 
VII' 
d and v being known, we solve for d". Then to find the division 
size for a speed of rooo revolutions at the same current, roo., and 
substituting ~ for x, we have, by equation (r) 
do : d" ( T403020 - 007) : ( .Lp - 0.07) 
d" X (0.432 - 007) d" X 0.362 
or do = 4;5:l _ 0 .U7 - - 43~ - 0.07 
n II 
Substituting for d" in the last equation, its equal in (5) we 
get 
(6) do 
rl X 100 1\ 
VT\ X 0362 d X 6.7~93 
4 ~ 2 007 v T7r X (4 ~ 2 -0.07) 
With the twelve averages of division sizes in Table II, we get 
by this equation the following r2 values of do in m~1., 0'.003856, 
0.003906, 0.003936, 0.003875, 0.00376r , 0.003803, 0.003773, 
0.003881 , 0.003821, 0.0040II, 0.004070, and 0.003550, v. ith an av-
erage of 0.00384 mm., as the division size of the current of roo cc., 
at a speed of 1000 cc. 
With do known, we can use equation (6) to solve for anyone 
of d I V or n if the other two are known. Transforming equation 
(6) into three equations for d, v, or n and rounding off the con-
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stants, we get 
(7 ) d = 0.244 . V1-\ ( ~- -0.00016) 
(8 ) 
v = ~. 244 d j7 (~- 0.00016) 
0.~44 . 7 (9 ) VTT n 
7 d + 0.0000391 VIT 
With equation (8) we can determine what current to use to 
make separations at sizes that have been decided upon and with 
speeds that are available. In the writer 's further work in making 
actual analyses, it was decided, as before stated, to make separa-
tions at 0.01, 0.00316, and 0.001 mm. sizes. The motor and pulley 
arrangement gives speeds of 404, 708, 1148 and' 1888 revolutions 
per min. Using the 1st, 3rd, and 4th speeds respectively for the 
three separations we calculate that the currents should be 
9I.46cc per min. at 404 rev. for separation at O.OImm. 
95.73CC per min. at II48 rev. for separation at 0.00316mm. 
43.73cc per min. at 1888 rev. for separation at O.OOImm. 
If a new motor is to be selected and new pulleys made, we 
may decide beforehand what cl1rrent is most desirable to use, then 
select motor and make pulleys to secure the speeds required. Too 
rapid a current may introduce considerable error by the stream 
not being steady. Too slow a current is wasteful of time. Con-
sidering both these factors, the writer deems it desirable to have a 
current of about IOOCC. per min. By formula (9) we calculate that 
this would reqtiire speeds as folows,-
426-4 rev. per min. for separations at O.OImm., with a current 
of IOOCC. 
II74 rev. per min. for separations at 0.0031 6mm., with cur-
rent of 100CC. 
2639 rev. per min. for separations at O.OOl mm ., with a cur-
rent of 100CC. 
I t is the intention of the writer in construcing another machine 
to use these peeds, provided glass elutriation bottles can be se-
cured that will with tand the pressure at this highest speed. 
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TESTS ON THE ACCURACY OF THE METHOD AND THE NECES-
SITY OF RE-ELUTRIATION. 
Some tests were made to get evidence as to how perfect the 
separations are. One series of tests were made to determine the 
re ult of re-elutriating the sediment, and the muddy water at the 
same speed and current. A number of soil samples were analyzed 
the same ",ray in duplicate to determine how close an agreement is 
secured. Other samples were analyzed in duplicate, once by re-
elutriating each eclirnent, and again without re-e1utriating. 
In the fir t t st, 100". of a andy loam was boiled with IOOCC. 
water for one hOllr to di integrate it. It was then elutriated in a 
gravity elutriator and 1.S260g. of sand removed. The 
muddy water was then run through the machine 
at th rate of 93cc. per. min. with the ' machine . going 
at 400 revolutions per min. 1 he muddy water now resulting to-
o'ether with some rinsing water was again run through at same 
rate and same speed, and then repeated until the muddy water had 
passed through six times. The several sediments weighed as fol-
lows :-Ist (main) sediment S.947Ig., 2nd, sediment 0·368Sg., 3rd, 
sediment 0.I92Ig., 4th sediment o.I413g., 5th sediment 0.0932g. , 
and 6th sediment 0.0710". Total sediments after 1st, 0.8722g. 
This was re-e1utriated at the same current and speed, and all 
washed over but 0.I489g., thus indicating that in the first e1utria-
tion 0.I489g., or 1.49 per cent of original sample was carried over 
into the muddy water that should have remained in the sediment. 
N ext the I st or main sediment was shaken vigorously with about 
lOOCC. clear water and re-elutriated at same current and speed. 
Thi3 was repeated three times. - Thereby the main sediment was 
reduced to 4.8629g., a loss of 1.0842g. The resulting four portions 
of muddy water were separately run through at a hig1:ter speed to 
recover most of the coarse and fine sediment. There was thus 
recovered from the 1st muddy water, 0.4386g., from the 2d muddy 
water 0.086Ig., from the 3rd muddy water 0.I206g., and from the 
4th muddy water o.o732g., making a total of 0.718Sg. This was 
then re-elutriated 4 times at the original speed and current, after 
which there was left 0.2S64g., sediment to add to the main sedi-
ment. Of the 1.0842g., loss of the main sediment by the four elu-
triations, there was therefore 0.2S64g., or 2.56 per cent of original 
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sample that should have remained in the main sediment, and 
o.8278g., or 8.28 per cent which should not have remained in the 
main sediment. By far the most of this was removed by the 1st re-
elutriation. It should be added that since these tests were made, the 
design of the elutriation bottle was slinghtly changed, bringing the 
mouth of inflow tube somewhat closer to the bottom of battle, and 
making a constriction near the bottom of the bottle, thus reducing 
the room for "dead" water from which fine as well as coarse sedi-
ment may collect. There was evidence, also, from microscopic 
examination of the sediments that the original disintegration was 
far from perfect. It is therefore probable, that if both these 
sources of error be reduced to a minimum, the separation by a 
single elutriation is much more nearly perfect than is here indi-
cated. Even if we get no bett~r separation than these tests show, 
it will yet answer most practical purposes in analysis, not to run 
the muddy water thro1;1gh a second time, but to re-elutriate the 
sediment once. This is the plan we adopted in this laboratory, and 
used in actual analyses during this winter. Further tests·, however 
will be made when we receive e1utriation bottles of the latest de-
sign with ground glass stoppers, and it is not improbable that we 
will ultimately give up re-elutriation of the. sediments and rest 
content with the accuracy attained by a single elutriation. 
SOME ANALYSES IN DUPLICATE made with a single re-elutria-
tion of the sediment as above indicated, show in ge~eral, fair 
agreement. Ta~le III has the results . obtained by some duplicat~ 
analyses. 
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TABLE III.-AGREEMENT IN DUPLICATE ANALYSES . 
. 
II By gravity By centrifugal elutriation. 
Laboratory 
. elutriation. 
\ Med. Fine 
--- --- -----
Number of Coarse Med. Fine Fine Analyst 
Sample. I sand sand silt silt silt clay 
I 0.1 to 0.0316 0.01 to 0.00316 O.OOlto below 
II 
0.5 toO .01 0.0316 to 0.01 0.00316 0.001 
mm. mm. mm. mm. mm. mm. 
II 
I 
I 
IA ····1 28.6 25.2 I 14.1 6.3 4.6 8.19 19,670 . . Yoder 
B .... 29.7 
\ 
26.4 
I 
16.7 6.6 5.6 8.!79 
I 
I 1 1 II 28,362 .. IA .... 18.32 I 27.34 15.54 11.44 7.83 13.08 
B .... 1 18.18 i 28.12 17.89 12.19 7.37 12.18 
\1 I 
IA ... . 28.30 24.48 14.58 11.11 6.63 10.96 
28,374 .. B .... 27.06 21.30 11.58 10.73 7.27 14.28 
28.404 .. IA .... I 35.69 I 27.37 10.35 7.46 ... .... 9.15 
I IB .... 35.74 27.53 11.63 8.01 6.45 8.35 
I I I I Stewart 
I 
I 
I IA · · ·· 1 10.61 19.75 20.40 17.50 10.57 18.55 29,017.. I 
B .... \ 11.15 I 18.75 20.51 18.29 11.66 14.77 
I 
ID .... 11 13.24 18.37 24.76 12.75 6.95 14.71 I 
*29,017. . II G .... 13.96 19.64 25.83 16.03 8.16 13.58 I 
. I 
I 13.29 I 12.91 II 
**29,017 .. IE 
... . 13.~8 22.80 18.40 9.43 
11.4~ II IF .... 11.86 I 19.73 22.45 18.08 8.78 I I 
* No. 29.017, D and G" are duplicates in which the sediments were not 
re-elutriated. 
** No. 29,017, E and F , are duplicates in which both sediments and 
muddy waters from the centrifugal elutriations were re-elutriated. 
(Disagreements in the results from the gravity elutriations of 
these last s ix samples are probably due to a defective valve. 
Much dependence can therefore hardly be given to these results, 
as representative of the possibilities of the method.) 
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THE ACTUAL ANALYSIS. 
DISINTEGRATION.-IO grams of ,soil are thoroughly disinte-
grated by shaking or boiling for half a day or more. 
GRAVITY ELUTRIATION FOR DIVISIONS AT 0.1 AND 0.0316 MM. 
-The soil is then rinsed into the narrower of the gravityelutria-
tors while a slow stream of water is flowing into it so as to pre-
vent the sediment from choking up the tube. After the transfer-
rence of the soil is accomplished, the stream is turned on nearly 
37.09 cc. a minute. After the ,major part of the finer material has 
passed from the tubes, the current is turned on full strength, 
37.09 cc. a minute, the current required to make separations 
at o. I and 0.0316 mm. , The overflow from the narrower elutriator 
flows into the wider, and the overflow from the wider elutriator 
is collected in a beaker to use further in the centrifugal elutr,iator. 
CENTRIFUGAL ELUTRIATOR FOR SEPARATIONS AT 0..01, 
0.00316 AND ~.OOI MM.-When starting centrifugal clutria-
tion, and also each time after emptying the air chambers 
(K, Fig. I) of water, or filling the muddy water funnel or 
the Mariotte bottle, the reduction of the air pressure inside 
these vessles is attended to as described on p~ge 17. The 
first 300 to 600 cc., of the muddy water from the 
gravity elutriators containing nearly all the fine clay, is collected 
separately and while the elutriation in these elutriators is going 
on to completion this muddy water is run through the centrifugal 
lutriator at the speeds required for the separation of finest grades, 
0.001 mm., size of particles, viz., at 43.75 cc., with a speed of 1888 
r volution per minute. The muddy water now resulting con-
tains most of the fine clay, a small portion being caught in the sedi-
ment. This is recovered later (see below). The sediment in th 
centrifugal elutriator is now shaken up thoroughly with some 
of the last of the muddy water from the gravity elutriators·, and this 
with the balance of the muddy water from the gravity elutriators is 
put through the machine at such a speed of machine and water flow 
as will give a separation at 0.01 mm. size of particles, viz., at 
91.46 cc., with a speed of 404 rev. When the muddy water has all 
pa ed through, followed by a little rinsing water, the machine is 
stopped. The sediment is so firmly imbedded into the bottom of the 
elutriator in the bottle that the muddy water can be poured off 
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from the sediment, and the sediment then shaken up in ISO to 200 
cc. of clear water, and run through the machine at the same speed 
a second time. The sediment thus freed from the finer grades is 
now transferred with a little clear water into a weighed dish to 
dry and weigh. This is coarse silt. The muddy water from this 
elutriation is next run through at such speed of machine and of 
water current as will effect the separation at the next division size 
of particles, 0.00316 mm., viz., at 95.73 cc. with a speed of 1148 
rev., and the sediment shaken up once and run through at that 
speed, then collected and weighed as medium silt. In a similar 
way a separation is made at the speed necessary for the last separa-
tion (at 0.001 mm. sized particles) and the fine silt collected and 
weighed. 
RECOVERY OF F INE CLAY.-The clay-water now left is added to 
that got in the first centrifugal elutriation mentioned above. From 
these combined portions of clay-water, the fine clay is precipitated 
with common salt solution (50 cc. saturated brine to I liter of clay-
water). After standing four hours, or better over night, the water 
is siphoned off, the sediment collected, dried and weighed, and the 
salt in it determined volumetrically with silver nitrate solution of 
such strength that I cc. is equivalent to O.OIg. NaCl. The results 
thus obtained, as seen in Table III agree fairly well in duplicate 
analyses, usually not differing as much as one per cent in anyone 
portion. 
TIME REQUIRED FOR AN ANALYSIS-As regards the time re-
quired to make these separations, or to make a complete an(].1y~is , 
much depends upon the speed of the machine, the refinement of 
the separations aimed at, and the" practice of the operator. \ '\' Jh 
a machine running at speeds of 408, II48 and 1888 revolutions per 
min., and making two re-elutriations of the sediments, the writer 
completed the separations and, transferred all residues excepting 
the fine clay to evaporating dishes in two to two and one-half hours 
after completing the boiling. In interva.ls during these separa-
tions, sufficient time could usually be found to weigh out the next 
sample, and to weigh the dried residues, so that in steady work, 
about three samples of soil can be analyzed daily. By omitting 
the re-elutriation of the residues, four or five samples may be anal-
yzed daily. Doubtless with more practice, greater systematization, 
and "higher speed of centrifuge, yet greater rapidity can be se-
cured. Mr. Stewart, who has used the machine during the last 
two months, reports that by making but one re-elutriation of the 
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sediments, it requires about I 1-4 hours per sample for him to 
make the separations and transfer all the residues to dishes · on 
water-baths, without doing any weighing. 
FLOCCULATION. 
It may be remarked that in the soils of the semi-arid ",{"stun 
states there is occasionally enough of salts to promote flocculation 
appreciably. This difficulty is almost wholly overcome by the 
method here described, in that after boiling or otherwise djsil~~e­
grating in the start, most of the finest clay along with the soluble 
salts are very speedily separated from the rest. With these con-
stituents removed, which requires only about fifteen to thirt:~T 
minutes, the tendency to flocculate which frequently gives m~ tch 
trouble where gravity is the only force used in elutriating, is very 
slight. 
CONCLUSION. 
In conclusion it may be said that the advantages which the 
writer thinks should commend this new machine for the mechanical 
analysis of soils, are the rapidity with which separations can be 
completed, and the small sizes of grains which can be separated 
and estimated. Very great accuracy is not claimed for the method, 
and indeed such can hardly be claimed for any method yet pro-
posed. It is the opinion of the writer that very great refinement in 
the determinations of the several grades of SGil particles has but 
litt.le value above that in determinations w~ich are accurate within 
one or two per cent. 
The centrifuge herein described was built by local mechanics. 
T-he more delicate work, inclt.1di~g the making of the shaft, the 
bearings, and the oil cups, was done by Mr. Jacob Schaub, and 
much of the mechanical success of the centrifuge is due to his 
fine workmanship. 
The glass parts, as already noted, were improvised out of ma-
terial that was on hand in the chemical laboratory. 
The motor used is a 3i horse-power Holtzer-Cabot induction 
motor. 
It is the present expectation to have constructed a duplicate 
of this machine, with a few minor changes, to place on exhibition 
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with the Agricultural Experiment Station Exhibit at the Louisiana 
Purchase Exposition at St. Louis. 
The writer desires here to express his sincere appreciation for 
the hearty support in the work herein described, given him by Prof. 
J. A. Widtsoe, Director of the Experiment Station, by words of 
encouragement and by placing at his disposal the necessary funds. 
Credit is also due Mr. Robert Stewart, Assistant Chemist, who 
has furnish~d the results of some duplicate analyses herein used. 
